Earlier, we produced a stable Fusarium head blight (FHB)-tolerant durum wheat (Triticum turgidum L.) alien disomic addition line, DGE-1 (released in 2008), incorporating chromosome 1E of diploid wheatgrass [Lophopyrum elongatum (Host) Á. Löve; 2n = 2x = 14; EE]. For stable FHB resistance, the ultimate goal would be to transfer resistance from 1E into the durum chromosome 1A or 1B. Such transfer is more likely to occur when these target chromosomes are in a single dose. Therefore, we crossed DGE-1 with 'Langdon' substitution lines 1D(1A) and 1D(1B) and produced hybrid derivatives with chromosomes 1A, 1B, 1D, and 1E in a single dose. As an important fi rst step, we standardized a method to readily identify these group-1 chromosomes. Multicolor fl uorescent genomic in situ hybridization that we standardized earlier is useful for such identifi cation but is tedious and expensive. To identify these chromosomes more expeditiously and economically in a large plant population, we also used chromosome-specifi c molecular markers and identifi ed each of the group-1 chromosomes. We used marker Xwmc333 to identify chromosome 1A, Xwgm18 for 1B, Xwmc147 for 1D, and Xedm17 for 1E. Xedm17, which profi les chromosome 1E, also generated two characteristic bands for chromosome 1D and may therefore be useful in identifying both chromosomes simultaneously.
D
URUM WHEAT (Triticum turgidum L.; 2n = 4x = 28; AABB) is an important cereal used for human consumption in the United States, Canada, and most European countries, including Italy, Turkey, France, Romania, and Ukraine. On the evolutionary ladder, durum wheat is a forerunner of bread wheat (Triticum aestivum L.; 2n = 6x = 42; AABBDD) and evolved in nature long before the latter (see Jauhar, 2006) . Durum wheat is a natural hybrid, having resulted from hybridization between related wild species in conjunction with doubling of chromosome number. Th us, it enjoys the benefi ts of both polyploidy and hybridity. It has a unique cytogenetic architecture and its chromosomes can be divided into seven homoeologous groups of two chromosomes each (Fig. 1) . Th e chromosomes within a homoeologous group are genetically and evolutionarily related. Durum wheat can tolerate addition of certain chromosomes, of related species, syntenic to those within a homoeologous group. A related species, diploid wheatgrass [Lophopyrum elongatum (Host) Á. Löve; 2n = 2x = 14; EE genome] is an excellent source of Fusarium head blight (FHB) resistance (Jauhar and Peterson, 1998) . In our earlier work on durum germplasm enhancement (DGE), we produced a stable alien disomic addition line, DGE-1, incorporating chromosome 1E of L. elongatum (Jauhar and Peterson, 2008; Jauhar et al., 2009) . DGE-1 is the fi rst alien addition line of its kind with a novel source of FHB resistance from chromosome 1E. Th e ultimate goal would be to transfer FHB resistance from the added alien chromosome 1E into the durum chromosome complement. Homoeologous group-1 chromosomes 1A and/or 1B of durum wheat would naturally be the logical chromosomes to which such a transfer or exchange could occur either by homoeologous pairing or through spontaneous translocation. Moreover, such an interchromosomal transfer is more likely to occur when these target chromosomes are in a single dose. Th erefore, we crossed DGE-1 with 'Langdon' (LDN) substitution lines 1D(1A) and 1D(1B) and produced hybrid derivatives with chromosomes 1A, 1B, 1D, and 1E in a single dose and would therefore remain as univalents at meiosis. As an important fi rst step, we needed to standardize a method to readily identify these chromosomes in the derived progeny so that we retain only those plants that have the homoeologous chromosomes 1A, 1B, and 1D, along with chromosome 1E that carries the desirable resistance genes. Multicolor fl uorescent-genomic in situ hybridization (fl -GISH) (Jauhar et al., 2004; Jauhar and Peterson, 2006) could help detect interchromosomal translocations. We have previously employed fl -GISH to identify chromosomes of diff erent genomes of wheat and reconstructed genomes with added alien chromosomes. However, this technique is not practical for a large plant population. To identify the group-1 chromosomes more expeditiously as well as economically in a large number of plants was an important goal of this study. We used chromosome-specifi c molecular markers to identify each of the homoeologous group-1 chromosomes. Th ese cytological and molecular studies are described in this paper. Th e hybrid derivatives and the techniques used to identify them would be useful for workers engaged in basic research on FHB and for genomic reconstruction work in durum wheat.
Materials And Methods
Crossing and Selfi ng: Production of Hybrid Derivatives with DGE-1 Durum cultivar LDN, the alien addition DGE-1 (PI531719), LDN disomic substitution 1D(1A), and LDN disomic substitution 1D(1B) were grown in a greenhouse under controlled conditions (temperature 20-24°C and 16/8 h light/dark cycle). Crosses were made using DGE-1 as the female parent. Techniques of crossing DGE-1 with LDN 1D(1A) and LDN 1D(1B) were similar to crosses involving any other durum cultivar (see Jauhar et al., 2004) and there was no need for hormonal or any other special treatment. Emasculations of the DGE-1 spikes were done at the appropriate stage before anthesis. Two to three days aft er emasculation, individual fl orets were pollinated with pollen of Langdon or either of the Langdon substitutions. Pollinated spikes were then tagged and individually covered with glassine bags. Upon maturity, seeds from crossed spikes were collected separately for each cross.
Twenty-fi ve F 1 seeds from each of the three crosses and selfed seed of DGE-1 and Langdon were germinated on moist fi lter paper in petri dishes to determine the germination rate. Th e geminated seeds were planted in pots in the greenhouse under controlled conditions (Jauhar et al., 2004) . Spikes were fi xed at the appropriate stage to conduct meiotic chromosome counts and pairing studies (Jauhar and Peterson, 2006; Jauhar et al., 2009) . Plants were then grown to maturity and the seed harvested.
A total of 102 F 2 seeds, 42 seeds derived from the DGE-1 × LDN 1D(1B) cross and 60 seeds from the DGE-1 × LDN 1D(1A) cross, were planted. Six seeds of Langdon and six of DGE-1 were also planted to serve as controls. For DNA extraction, leaf samples (1.5-3.0 g leaf tissue) were collected at the 4-to 5-leaf stage. Seed from the derived plants was harvested on maturity.
Cytological Studies Using Conventional Methods and Fluorescent Genomic in situ FluorescentGenomic in situ Hybridization
Spikes at the appropriate stage were fi xed in Carnoy's fi xative (6:3:1 95% ethanol:chloroform:acetic acid). Anthers from fi xed spikes were squashed in carbol fuchsin and viewed under a microscope (Jauhar et al., 1999) . Figure 1 . Genomic constitution of durum disomic alien addition line DGE-1 (2n = 28 + 2), showing the A genome donor, Triticum urartu Tumanian ex Gandilyan, and the B genome donor, Aegilops speltoides Tausch, whose identity is not fully established. The durum chromosomes can be divided into seven homoeologous groups; the chromosomes within a group are genetically related. Note the chromosome pairing regulator Ph1 in the long arm of chromosome 5B; the Ph1 gene suppresses homoeologous pairing resulting in diploid-like pairing among homologous partners (shown as pairs of the same color). The added alien chromosome 1E is shown in a double dose (disomic condition). The homoeologous group-1 chromosomes 1A, 1B, 1E are in a double dose. To facilitate transfer Fusarium head blight (FHB) resistance genes from 1E to 1A and/or 1B, these chromosomes were brought in a single dose.
Pollen mother cells (PMCs) were scored for chromosome number and pairing confi gurations.
Multicolor fl -GISH was conducted according to Jauhar and Peterson (2006) . Rhodamine-labeled L. elongatum (E-genome) DNA and fl uorescein isothiocyanate (FITC)-labeled Triticum tauschii Coss. (D-genome) DNA were used as probes for 1E and 1D chromosomes, respectively, while Langdon (A-and B-genomes) DNA was used as the blocking DNA.
Molecular Characterization of Group-1 Chromosomes
Deoxyribonucleic acid was extracted from the collected leaf tissue samples using the cetyltrimethylammonium bromide (CTAB) method (Doyle and Doyle, 1990) . Primers were selected from the published literature and by reviewing the GrainGenes database (USDA-Agricultural Research Service, 2010). We selected two primers for each group-1 chromosome (see Table 1 ).
Primers were used to amplify DNA from parental lines to determine effi ciency and banding patterns. Polymerase chain reaction (PCR) was performed according to Jauhar et al. (2009) . We used a 50 μL PCR reaction prepared as follows: 10x PCR Buff er containing 1.5 mM MgCl 2 (pH 8.3) (5 μL), forward primer 50 ρmol (1 μL), reverse primer 50 ρmol (1 μL), deoxynucleoside triphosphate (dNTP) mix 2.5 mM (4 μL), sterile water (34.6 μL), Taq DNA polymerase 2 units (0.4 μL) (Roche Applied Science, Indianapolis, IN), and 800 ng genomic DNA in tris ethylenediamine tetraacetic acid (TE) buff er (pH 7.4) (4 μL of 200 ng μL -1 genomic DNA). A touchdown program was used: 94°C for 2 min to denature followed by 94°C for 30 sec and 65°C for 40 sec; this step was decreased by 0.3°C each cycle, 72°C for 1 min, and was cycled 35 times. Th e fi nal extension step of 72°C was run for 7 min, and aft er this step the reaction was held at 4°C. Five microliters of bromophenol blue tracking dye was added and samples loaded onto 8 by 8 cm 1% acrylamide gels and run at 70 V with 20 milliamps until tracking dye migrated off the gel. Aft er analysis of parental lines, the best primer for our conditions was selected for each group-1 chromosome, 1A, 1B, and 1D of wheat, and 1E of L. elongatum. We used these primers to screen the F 2 population to determine the identity of the group-1 chromosomes.
Results

Crossing and Selfi ng: Production of Hybrid Derivatives with DGE-1
Crosses of DGE-1 with LDN 1D(1A) and LDN 1D(1B) were successful even without any hormonal treatment. A total of 51 spikes were crossed that yielded 552 seeds (Table  2) . F 1 plants showed no detectable sterility and generated F 2 seed. Germination of F 2 seed was about 95% and was comparable to that of Langdon and DGE-1 controls.
Cytological Study Using Conventional Techniques
Chromosome studies were conducted at meiosis in F 1 plants to determine the chromosome number and any pairing among the four group-1 chromosomes (Table 3 ). All F 1 plants from the DGE-1 crosses with Langdon and the two disomic substitution lines had the expected 29 chromosomes (Fig. 2) . As expected, the DGE-1 × Langdon cross produced progeny with chromosome 1E in the monosomic condition, resulting in 14 bivalents and a univalent ( Fig. 2A) . In DGE-1 × LDN 1D(1B) and LDN 1D(1A) crosses, the group-1 chromosomes remained unpaired in most cases (Fig. 2B) , although fi ve univalents were also formed at a low frequency (Fig. 2C ). An extra ring bivalent was observed in a DGE-1 × LDN 1D(1A) cross. In crosses of DGE-1 involving substitution lines a trivalent was occasionally formed (Table 3 ; Fig. 2D ). Multicolor fl -GISH was conducted to verify the presence of each expected group-1 chromosome. A combination of T. tauschii and L. elongatum as probe DNA and Langdon as blocking DNA helped to identify the univalents, 1D or 1E, while the remaining blocked univalent was either 1A or 1B. Th is blocker and probe combination worked across all hybrid derivatives regardless of the cross and no alteration in the blocker and probe combination was needed. Th e unpaired chromosomes in the F 1 were 1E, 1D with either 1A or 1B depending on the substitution line used. As expected, a cell analyzed by multicolor fl -GISH shows unpaired group-1 chromosomes 1E (red), 1D (green), and 1B (blue) (Fig. 3) .
Molecular Characterization for Group-1 Chromosomes
In addition to fl -GISH analysis, we used molecular markers to elucidate the group-1 chromosomes in each of the F 2 plants. We initially screened two markers for each group-1 chromosome and selected the marker which performed the best on the parental lines (Fig. 4) . Th us, marker Xwmc333 profi led chromosome 1A. Using the bands at ~320 and 280 bp we determined the absence or presence of chromosome 1A (Fig. 4A) . Chromosome 1B was profi led using Xwgm18 that only produced two bands in lines DGE-1, Chinese Spring, Langdon, and LDN 1D(1A) carrying 1B at ~350 and 290 bp (Fig. 4B) . Likewise, marker Xwmc147 identifi ed chromosome 1D by producing two bands in Chinese Spring, LDN 1D(1A), and LDN 1D(1B) at ~290 and 242 bp (Fig. 4C) . Th e band produced by Xwmc147 at ~210 bp in L. elongatum (lane 1) was not located on chromosome 1E because that band was not produced in DGE-1 (lane 2) that carries only chromosome 1E of L. elongatum.
Th e marker Xedm17 that profi les chromosome 1E produced two bands at ~501 and 370 bp in L. elongatum and DGE-1 (Fig. 4D) . Th e same marker also generated two characteristic bands for chromosome 1D at ~450 and 410 bp in Chinese Spring, LDN 1D(1A), and LDN 1D(1B) (Fig. 4D) . Because Xedm 74 generated a band for both 1D and 1E at the same position, we selected Xedm 17 to profi le 1E. Even though Xedm 17 produced bands in the Langdon parent, this did not detract from determining the presence of chromosome 1E or 1D, because Langdon has neither of these chromosomes. Th e selected markers were then tested on the F 2 plants to determine their group-1 chromosomal constitution (Fig. 5) . Marker Xwmc333 that identifi ed chromosome 1A in the parental lines (shown in Fig. 4A ) was present in all the genotypes, for example, DGE-1, Chinese Spring, and Langdon, which had chromosome 1A (Fig. 5A) . Similarly, Xwgm18 that profi les chromosome 1B was able to amplify bands in the genotypes carrying this chromosome (Fig.  5B) . Th e marker Xwmc147 that identifi es chromosome 1D produced bands in Chinese Spring, 07ECP5, 07ECP1, 07ECP20, 07ECP7, 07ECP60, and 07ECP80 that have this chromosome (Fig. 5C ). Chromosome 1E was profi led by marker Xedm17, which produced bands in L. elongatum, DGE-1, 07ECP11, 07ECP20, 07ECP7, 07ECp71, and 07ECP80 (Fig. 5D ). Out of the 11 possible group-1 chromosome combinations, we observed nine diff erent combinations, AB, AD, BD, BE, ABD, ABE, ADE, BDE, and ABDE, with the frequencies shown from a total of 108 plants (Table 4 ). Th us, of all the possible combinations, only AE and DE were not observed.
Discussion
We produced the fi rst stable FHB-tolerant durum alien disomic addition line, DGE-1, incorporating chromosome 1E of diploid wheatgrass L. elongatum (Jauhar and Peterson, 2008; Jauhar et al., 2009) . Th e alien chromosome having the genes for FHB resistance is in a double dose in the DGE-1, making it chromosomally and hence reproductively stable. However, when DGE-1 is crossed with normal durum cultivars chromosome 1E will revert to monosomic condition in the hybrids and thus be lost. Th erefore, to have stable FHB resistance in durum wheat the ultimate goal would be transfer resistance from the alien chromosome 1E into the durum chromosome complement. Th e obvious and logical choice would be to transfer FHB resistance genes from the alien chromosome 1E to its homoeologous group-1 counterparts 1A and/or 1B of durum shown in Fig. 1 . Moreover, such a transfer is more likely to occur when these chromosomes are in the univalent condition along with the alien 1E.
To have these homoeologous group-1 chromosomes 1A, 1B, 1D, and 1E in a single dose and to identify them individually in a large plant population were the objectives of this study. Crossing DGE-1 with Langdon substitution lines, 1D(1A) and 1D(1B), facilitated having these chromosomes as univalents. Using fl -GISH (Jauhar and Peterson, 2006; Jauhar et al., 2009 ), we could easily distinguish the diff erent group-1 chromosomes simultaneously. Figure 3 , for example, shows the diff erentially fl uoresced univalents 1B, 1D, and 1E. Fluorescent-genomic in situ hybridization provides a useful tool for distinguishing intergenomic chromosomes, added alien chromosomes in the reconstructed genomes, or intergenomic chromosome rearrangements in the wheat complement (Schwarzacher et al., 1992; Han et al., 2004; Jauhar et al., 2004 Jauhar et al., , 2009 ) and other species (Heslop-Harrison and Schwarzacher, 1996; Han et al., 2004; Molnár et al., 2009) .
For more expeditious screening of plant populations, however, we used appropriate chromosome-specifi c markers to identify chromosomes 1A, 1B, 1D, and 1E as univalents in the derived F 1 population and discarded the plants that lacked 1E that has the desirable genes. When these group-1 chromosomes are in a single dose there is a small possibility of the occurrence of homoeologous pairing or a translocation among them because other chromosomes are paired with their own homologous partners. Aft er determining specifi c group-1 chromosome profi les produced by various markers, we used them to detect the chromosomal constitution of F 2 plants. Homoeologous pairing, although at a low frequency, resulted in the formation of 14 bivalents instead of the 13 expected. Th e extra bivalent in the progeny from a DGE-1 × LDN 1D(1A) cross must have formed as a result of homoeologous pairing between 1A, 1D, or 1E that were in a single dose. Th is pairing occurred in the presence of Ph1 but is not unexpected (Jauhar et al., 1999) . Similarly, the trivalent formation in both DGE-1 × LDN 1D(1A) and DGE-1 × LDN 1D(1B) indicates homoeologous pairing.
Because multicolor fl -GISH is labor intensive and expensive, it is important to explore and adopt other suitable tools for chromosome identifi cation, especially for large plant populations. Molecular markers have been usefully employed to identify specifi c chromosomes in plant populations (Peleg et al., 2008; Huang and Brûlé-Babel, 2010; Xu et al., 2010) . Chromosome-specifi c markers helped screen a large number of plants and identify the desired combination of group-1 chromosomes, that is, 1A with 1E or 1B with 1E. We selected a set of markers that would generate bands under the same PCR conditions so the only variable to change would be the primer combination. Xwmc254 has been used as a single band microsatellite marker on chromosome 1A of bread wheat (Varshney et al., 2000a) . Under our PCR conditions we obtained consistent bands with Xwmc333 to identify 1A. Th is marker was used by Varshney et al. (2000b) to assign a quantitative trait locus (QTL) for grain weight to short arm of chromosome 1A in bread wheat. Peleg et al. (2008) as one of the skeleton markers for chromosome 1A. An advantage of using Xwmc333 is that it is closer to the centromere and probably conserved because the recombination rates near the centromere are low and linkage blocks can be large (Wu et al., 2003) . Th us, if a translocation occurred between 1A and 1E, chromosome 1A likely would be detectable with Xwmc333.
Chromosome 1B has been profi led using Xbarc128 (Somers et al., 2004; Peleg et al., 2008) and Xwgm 18 (Peleg et al., 2008) . Using our protocol, Xwgm18 performed better than Xbarc128 in diff erentiating chromosome 1B from 1A, 1D, and 1E. Xwgm18 gave two clear bands (Fig. 4B ) as opposed to Xbarc128, which generated a major band and several minor bands. It is interesting that Xwgm18 is also closer to the centromere, as was observed in the case of Xwmc333. Using markers Xbarc66 (Xu et al., 2005) and Xwmc147 (Somers et al., 2004) , chromosome 1D was elucidated. We selected Xwmc147 as the marker of choice for 1D because Xbarc66 amplifi ed similar bands in both chromosomes 1D and 1E at the same position and produced multiple bands. Xwgm147 also produced a single band in the L. elongatum parent (Fig. 4C) . However, this band cannot be attributed to chromosome 1E, because DGE-1 that has only chromosome 1E from L. elongatum does not show this band. Clearly, this band is derived from one of the other chromosomes of L. elongatum.
Initially we used the marker Xedm74 to identify the presence of chromosome 1E in the alien durum disomic addition line DGE-1 (Jauhar et al., 2009 ). However, aft er screening this marker on Chinese Spring, LDN 1D(1A), and LDN 1D(1B), we found that Xedm74 amplifi ed the same size bands from both chromosomes 1E and 1D. Th erefore, we screened other markers used for chromosome 1E (Mullan et al., 2005) . Xedm17 was consistent in producing unique bands for chromosome 1E in L. elongatum as well as DGE-1 and therefore would serve as a more useful marker than Xedm74 to identify 1E when 1D is also present. Moreover, a pair of unique bands for 1D was at a diff erent position. Hence this marker could be used to identify both chromosomes 1E and 1D simultaneously, saving time and resources. It is interesting that markers used for both chromosome 1E and 1D had such a high level of interactivity when compared to chromosome 1A and B. Th is would perhaps suggest that 1E has more synteny with 1D than with 1A or1B.
Th e intergenomic hybrid material described in this paper and the techniques standardized to identify various chromosomes and chromosome combinations would be useful for basic FHB research underway in diff erent countries. Th e research material developed would be supplied to other researchers. Marker-as well as fl -GISHassisted identifi cation of reconstructed genomes would accelerate basic research.
Concluding Remarks
Th ere are several cytological techniques to identify intergenomic chromosomes, multicolor fl -GISH being one of the useful ones. We have successfully employed this tool to simultaneously identify homoeologous group-1 chromosomes. However, this technique is labor intensive, time consuming, and expensive. On the other hand, molecular markers may be more useful and a better choice for initial rapid screening of large populations for the presence of homoeologous group-1 chromosomes. Using molecular markers we were successful in detecting group-1 chromosomes 1A, 1B, 1D, and 1E more expeditiously and economically in F 1 and F 2 populations. In addition, the resolving power of molecular markers may be an advantage over cytological techniques. Nevertheless, wherever necessary, we would continue to use multicolor fl -GISH to detect interchromosomal interchanges caused by homoeologous pairing and/or spontaneous translocations. 
